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MgOAbstract Bimetallic catalysts containing a series of Co/W at 40/10, 30/20, 20/30 and 10/40 wt%
supported on MgO with a total metal content of 50 wt% were prepared and used for the catalytic
decomposition of methane to COx-free hydrogen and multi-walled carbon nanotubes (MWCNTs).
The solid fresh and exhausted catalysts were characterized structurally and chemically through
XRD, TPR, BET, TGA, TEM and Raman spectroscopy. The 40%Co–10%W/MgO catalyst exhib-
ited the highest activity for the production of both hydrogen and MWCNTs. The formation of a
large amount of non-interacted Co3O4 species is considered as the main reason for the catalyst supe-
riority in its activity. On the contrary, catalysts formulations of 20%Co–30%W and 10%Co–
40%W demonstrated the formation of a large amount of hardly reducible CoWO4 and MgWO4
particles causing lower activity of these catalysts toward methane decomposition as evidenced
through the XRD and TPR results.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
At the present time, hydrogen is considered as the perfect fuel,
especially with the least COx emissions when used in fuel cells.
There are numerous processes for hydrogen production such
as steam, dry reforming or partial oxidation of natural gas
[1–5], coal gasiﬁcation, reforming of biomass [6] and water
photolysis [7]. Currently, the dominant industrial process forproduction of hydrogen is steam reforming of methane or nat-
ural gas [8]. The main drawback of this process is the genera-
tion of CO and CO2 as by products together with H2 gas [9].
Therefore, hydrogen is then needed to be puriﬁed from carbon
oxides that are considered as the main cause of catalyst poison-
ing employed usually for the synthesis of ammonia, methanol,
fuel cell and hydrotreating processes and hence the cost of
hydrogen production increases [10]. Subsequently, hydrogen
production through the catalytic decomposition of methane
was then considered as a promising process for COx-free
hydrogen production [11,12]. Moreover, this process is easy
to scale-up for the production of carbon nanotubes, where
the as-produced multi-walled carbon nanotubes with excellent
properties can be used in a wide range of applications [13].
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sent high efﬁciency to catalyze methane and a speciﬁc feature
of producing carbon nanomaterials [14–17]. The effect of reac-
tion parameters such as reaction temperature, effect of dilution
and effect of pre-reduction on the catalytic decomposition
activity of natural gas over Ni–Mo/Al2O3 catalyst was studied
where high yield of hydrogen production was reported at
700 C as well as higher catalyst stability and production of
carbon nanotubes [18]. In a similar work, a tremendous hydro-
gen production of 90% was obtained during the catalytic
decomposition of natural gas using 5.2–40 wt%Ni–Mo/Al2O3
[19]. Studies carried out using bimetallic catalysts, e.g., Ni–
Cu and Ni–Mo indicated that the metal promoter can signiﬁ-
cantly enhance the catalytic performance of the active metals
in terms of speciﬁc activity, hydrogen productivity and catalyst
stability [19–21].
Co-based catalysts have been the object of several studies in
the catalytic decomposition of natural gas reaction accompa-
nied by the formation of ‘‘single walled nano-tubes’’
(SWNT), regarded as caused by the presence of the Co metal
and its speciﬁc support of Al2O3 [22–25]. The inﬂuence of oper-
ating conditions during the catalytic decomposition of
methane over Co doped with alumina porous structures and
high surface areas was studied, where the conversion of
methane was found to increase as the metal loading is
increased in addition to the adjusted reaction temperature
and N2:CH4 molar ratio as revealed by Fajardo et al. [26].
Addition of molybdenum to transition metals such as cobalt
is known to increase the yield of CNTs but the role it plays
in the selectivity towards the number of walls of the CNTs is
still debated [27,28].
Tungsten was also considered as a motivating catalyst
[29,30]. In this case, the selectivity of the W/Co catalysts
toward SWNT depends on the stabilization of Co2+ ions
which results from an interaction with tungsten, as was
reported for Mo/Co catalysts [27]. Qian et al. [31] reported
the synthesis of so-called few walled carbon nanotubes
(FWNTs) at 1000 C in H2 and CH4 mixture, from W/Co
and Mo/Co catalysts supported on MgO in addition to the role
of W for the synthesis of MWCNTs by hot-ﬁlament CVD [32].
The present work deals with the use of bimetallic Co–
W/MgO as selective catalysts for the catalytic decomposition
of methane to COx-free hydrogen production and CNTs for-
mation at variable metallic contents at optimized reaction
parameters.
2. Experimental
2.1. Mono and bimetallic catalysts preparation
Monometallic 50%Co/MgO catalyst was prepared and consid-
ered as the reference catalyst. The bimetallic catalysts contain-
ing 40%Co–10%W, 30%Co–20%W, 20%Co–30%W and
10%Co–40%W supported on MgO were prepared by co-
impregnation method at an overall ratio of 50 wt% of the cat-
alyst weight according to exact calculated amounts of
Co(NO3)2Æ6H2O and (NH4)10(W12O41)Æ5H2O (Analytical
grade, Sigma–Aldrich). The precursors were dissolved in
deionized water then added to the calculated amount of
MgO as the support. The mixture was gently evaporated under
continuous stirring at 90 C, dried at 120 C overnight,ground and ﬁnally calcined in air at 600 C for 4 h. The pre-
pared catalysts were denoted as 50%Co/MgO, 40%Co–
10%W/MgO, 30%Co–20%W/MgO, 20%Co–30%W/MgO
and 10%Co–40%W/MgO.
2.2. Solid catalysts characterization
2.2.1. X-ray diffraction pattern (XRD)
Crystallinity structures of the solid catalysts were investigated
using Powder X-ray diffraction employing X’Pert PRO
PANalytical apparatus. The patterns were recorded using
CuKa radiation (k= 0.1541 nm) at 2h range from 10 to 90.
2.2.2. Temperature programed reduction (H2-TPR)
H2-TPR of the calcined catalysts was carried out using
Quantachrome TPR-Win instrument. About 0.1 g of each
catalyst was degassed at 200 C under N2 atmosphere for
2 h. After cooling, the TPR experiment was operated
under 10%H2/N2 ﬂow (30 ml/min) from ambient tempera-
ture up to 1000 C at a heating rate of 10 C/min. A
thermal conductivity detector was used to follow the H2
consumption.
2.2.3. Surface properties of the solid catalysts
The surface studies of the solid catalysts were character-
ized by N2 adsorption/desorption isotherms at liquid
nitrogen using automated physisorption instrument,
Autosorb-1C, Quantachrome Instruments. The catalysts
were outgassed in vacuum at 200 C for 2 h. Speciﬁc sur-
face areas were calculated according to BET method, and
the pore size distributions were obtained according to the
Barrete Joynere Halenda (BJH) method from the desorp-
tion isotherm data.
2.2.4. Morphological features of the solid catalysts
The morphology of the solid catalysts and nano scale measure-
ments of the carbon nanomaterials were investigated through
transmission electron microscopy (TEM, Model JEM-
200CX, JEOL, Japan). A small quantity of a catalyst plus
the carbon deposit mixture were dispersed in 10 ml ethanol
and sonicated for 10 min. Few drops of the resulting suspen-
sion were then placed on a covered copper grid and imagined.
2.2.5. Thermo-gravimetric studies (TGA)
TGA was operated using SDT; Q600 apparatus using
20 mg of used catalyst samples at a heating rate of
10 C/min1 in an air ﬂow of 50 cm3/min. The carbon yield
for each catalyst was calculated according to the following
equation:
Carbon yield % ¼ ð% of weight loss by carbon oxidation
=% of residue after oxidationÞ  1002.2.6. Raman spectroscopy
Raman spectra of as-grown carbon nanotube samples were
carried out at room temperature using SENTERRA
Dispersive Raman Microscope (Bruker) equipped with a diode
Nd:YAG laser and a wavelength of 532 nm from 10 to
2000 cm1.
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The catalytic decomposition runs using the current catalysts
were carried out using a horizontal ﬁxed-bed quartz reactor
(100 cm length and 1.5 cm ID) which was located in the centre
of a tubular electric furnace. A catalyst weight of 0.5 g was
placed in the middle of the reactor and then reduced in situ
using hydrogen at a ﬂow rate of 50 sccm at 700 C for 1 h.
The catalytic runs were carried out under atmospheric pressure
at 700 C using undiluted high purity CH4 (99.995%) at a ﬂow
rate of 50 sccm. The gaseous products were analyzed using an
online gas chromatograph, PerkinElmer’s Clarus 600 GC,
USA, equipped with Alumina BOND/Na2SO4 capillary col-
umn (30 m length and 0.53 mm ID) and thermal conductivity
detector (TCD) to analyze the evolved hydrogen and the unre-
acted methane. Concentrations of hydrogen and methane were
determined using calibrated data. No gaseous products other
than hydrogen and unreacted methane were detected using this
system. After the reaction is completed, the reactor was cooled
down to room temperature in an adjusted ﬂow of nitrogen.3. Results and discussion
3.1. Characterization of the catalysts
3.1.1. XRD patterns of bimetallic Co–W/MgO catalysts
XRD patterns of both the calcined monometallic
50%Co/MgO and bimetallic Co–W/MgO catalysts are illus-
trated in Fig. 1. The catalysts containing 50%Co and
40%Co–10%W show the formation of a large number of
diffraction peaks attributed to Co3O4 phase. Moreover, the
presence of diffraction peaks corresponding to CoWO4, WO3
and MgWO4 phases are also observed with the 10%Co–
40%W/MgO catalyst. It is clear that the Co and W precursors
were decomposed to Co3O4, CoWO4 and WO3 species and in
accordance with Zhang and Muhammed [33]. Furthermore,
the numbers as well as the intensities of diffraction peaks
related to CoWO4 and MgWO4 increase with increasing the
tungsten content in the catalysts. It is concluded that after
the calcination process for the Co–W/MgO catalysts, the Co
is either interacting with W to form CoWO4 or non-
interacting forming Co3O4 phase. The diffraction peaks corre-
sponding to the non-interacting Co3O4 species increase with
increasing the cobalt content in the catalyst. Diffraction peaks
assigned to WO3 are not observed with the catalysts containing
40%Co–10%W, 30%Co–20%W and 20%Co–30%W, reﬂect-
ing that most of WO3 particles strongly interacted with cobalt
oxide and/or MgO particles.
3.1.2. BET surface properties of bimetallic Co–W/MgO
catalysts
The adsorption–desorption isotherms of the monometallic
Co/MgO catalyst (Fig. 2a), show very close values of adsorp-
tion and desorption at all P/Po values, indicating that these
isotherms are almost completely reversible. The isotherm is
classiﬁed as reversible type II which is the normal form
obtained for non-porous or macroporous adsorbent represent-
ing unrestricted monolayer-multilayer adsorption. All Co–
W/MgO catalysts represent type IV isotherm, where distinct
hysteresis loops appear at relative higher pressure P/Pobetween 0.6 up to 0.9. It is known that the hysteresis loop
which appears in the multilayer range of physisorption iso-
therms is usually associated with capillary condensation in
mesoporous structures [34]. This means that the incorporation
of W metal generates a mesoporous structure via destruction
of the lattices of MgO and Co3O4 during the formation of
the tungstate species (CoWO4 and MgWO4).
Fig. 2b represents the pore volume distribution using the
fresh catalysts under study. The pore size distribution curves
in Fig. 2b are ‘‘bimodal–polymodal’’, indicating (wide) inho-
mogeneous distributions of pore sizes in the current catalysts.
This Figure shows intermingling curves, describing the current
catalysts, during the pore radius range of 7 up to 87 A˚. This
Figure also shows two pore radius ranges; from 7–25 A˚ to 25–
87 A˚. The bimetallic catalyst containing 40%Co–10%W
exhibited the largest pore volume in the distribution curve
among all the Co–W catalysts, whereas the monometallic cat-
alyst containing 50%Co showed the lowest pore volume at all
pore radius ranges. This could be attributed to the good dis-
persion of cobalt oxide by interaction with tungsten oxide
leading, in turn, to high surface area values (Table 1).
3.1.3. Temperature programed reduction (TPR)
The TPR results are an important parameter for the evaluation
of the solid catalytic activity via determining its reducibility as
well as judging the suitable temperature for the reduction pro-
cess. The reduction proﬁles of both the monometallic
50%Co/MgO and the bimetallic Co–W/MgO catalysts are
depicted in Fig. 3. The TPR proﬁle of the 50%Co/MgO cata-
lyst illustrates the presence of two reduction peaks at 420 C
and 690 C (Fig. 3a). The ﬁrst peak appears at low tempera-
ture with high intensity and is attributed to the reduction of
non-interacting Co3O4 particles, indicating the presence of a
large proportion of cobalt oxide located free on the MgO sur-
face [35]. The second peak can be primarily attributed to the
reduction of MgCo2O4 phase [36,37]. The TPR proﬁles of
the bimetallic Co–W/MgO catalysts are illustrated in
Fig. 3b–e. The ﬁrst reduction peak at a lower temperature
(<500 C) is assigned to the reduction of Co3O4 species.
It is clear that the intensity of the ﬁrst reduction peak
increases with increasing the cobalt content in the solid cata-
lyst. Two broad peaks appear at an intermediate temperature
range (500–750 C), which could be related to the reduction
of CoWO4 and MgCo2O4 species (Fig. 3c and d). The broad
peak at the high temperature (>750 C) could be assigned to
the reduction of W(VI) to W(0) as well as the reduction of
MgWO4 species. The catalyst containing 40 wt%Co content
shows the lowest interaction between tungsten species and
MgO, which is illustrated by the formation of broad peak with
the lowest intensity at nearly 910 C (Fig. 3b). On the con-
trary, the catalysts with the highest tungsten content
(10%Co–40%W and 20%Co–30%W) show the formation of
a broad peak starting at 750 C and its intensity increases
with the temperature up to 1000 C, indicating the strong
interaction between W species and MgO (Fig. 3e).
3.2. Evaluation of activity and stability of the Co–W/MgO
catalysts
Fig. 4 represents the catalytic thermal decomposition of
methane to hydrogen against time-on-stream (TOS) at
Figure 1 XRD patterns of the fresh catalysts: (a) 50%Co/MgO, (b) 40%Co–10%W/MgO, (c) 30%Co–20%W/MgO, (d) 20%Co–
30%W/MgO and (e) 10%Co–40%W/MgO.
Figure 2 (a) Nitrogen adsorption/desorption isotherms and (b) pore diameter distribution of the fresh 50%Co/MgO and Co–W/MgO
catalysts with different components.
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bimetallic Co–W/MgO catalysts. It is clear that the catalysts
containing 50%Co/MgO and 40%Co–10%W/MgO catalysts
display a remarkable catalytic activity, stability and perma-
nence during the decomposition of methane to hydrogen. At
5 min, the hydrogen yield over 50%Co and 40%Co–
10%W/MgO catalysts are 79.8 and 88.5%, respectively.
After 120 min, these two catalysts show the same activity
(87%). These data demonstrate that the hydrogen yield over
the later catalysts is close to the theoretical equilibrium values.
The higher catalytic activities and prolonged life of the
50%Co/MgO and 40%Co–10%W/MgO catalysts canprincipally be attributed to the presence of a large number of
non-interacting metallic cobalt (Co0) particles presented by
pre-reduction of the catalysts for 1 h. Then, the higher adsorp-
tion of methane molecules on Co0 particles, faster solubility
and methane decomposition reaction is achieved. In our previ-
ous report [38], the effect of Co loading in the Co–Mo/Al2O3
catalysts for methane thermal decomposition reaction was
studied and is related comprehensively. The catalytic activity
and durability were concluded to increase with increasing the
cobalt concentration, being elucidated as due to the higher
concentration of non-interacting CoOx species on the surface
of the catalysts.
Table 1 Surface properties of the fresh monometallic Co/MgO and bimetallic Co–W/MgO
catalysts.
Catalyst BET surface area, m2/g Pore volume, cc/g Pore radius,
50%Co/MgO 20.4 0.027 11.115
40%Co–10%W/MgO 38.1 0.062 12.442
30%Co–20%W/MgO 36.8 0.060 13.871
20%Co–30%W/MgO 29.5 0.053 15.473
10%Co–40%W/MgO 16.7 0.035 13.907
Figure 3 TPR proﬁles of the catalysts: (a) 50%Co/MgO, (b)
40%Co–10%W/MgO, (c) 30%Co–20%W/MgO, (d) 20%Co–
30%W/MgO and (e) 10%Co–40%W/MgO.
Figure 4 Hydrogen production via natural gas decomposition as
a function of reaction time using the catalysts under study.
Figure 5 XRD patterns of CNTs deposition on the catalysts: (a)
50%Co/MgO (b) 40%Co–10%W/MgO, (c) 30%Co–20%W/
MgO, (d) 20%Co–30%W/MgO and (e) 10%Co–40%W/MgO.
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reaction (5 min), the catalytic activities of the bimetallic cata-
lysts decrease with increasing the W content in the solid cata-
lysts and up to 90 min. The activity then increases to reach a
steady state after running for 210 min. This conﬁrms that a sig-
niﬁcant portion of the evolved hydrogen is consumed to com-
plete the reduction of cobalt and tungsten oxides species. This
result is strictly consistent with the TPR results (Fig. 3). All thebimetallic Co–W/MgO catalysts acquire the same trend for
hydrogen production, except the 10%Co–40%W/MgO cata-
lyst, which does not show any activity for H2 production up
to 60 min. Beyond 60 min, the yield of H2 amounts to 25.8%
at 90 min and increases to 39.6% at 120 min, afterwards, the
activity of the catalyst continually decreases with increasing
the reaction time. The lower activity of this catalyst can be
principally attributed to the low cobalt content in the catalyst.
In addition, this catalyst contains different oxides of WO3,
CoWO4 and MgWO4, which require high temperature and
longer contact time to complete the oxide reduction process.
3.3. Characterization of carbon nanomaterials
3.3.1. XRD studies of the solid catalysts
XRD patterns of both the spent monometallic Co/MgO and
bimetallic Co–W/MgO catalysts are illustrated in Fig. 5. It is
shown that one peak is formed at 2h= 26 and is attributed
to the growth of carbon nanotubes on the surface of the cata-
lysts. It is clear that the intensity of this peak decreases with
increasing the tungsten content in the Co–W/MgO catalysts.
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the Co content in the catalysts. Moreover, using the catalysts
containing 30%Co–20%W, 20%Co–30%W and 10%Co–
40%W, diffraction peaks attributed to the formation of
CoWO4, MgWO4 species also appeared. The presence of these
species indicates that the reducibility of these bimetallic cata-
lysts is very difﬁcult as shown from the TPR proﬁles
(Fig. 3). However, the bimetallic catalysts containing
40%Co–10%W, 30%Co–20%W and 20%Co–30%W exhibit
the presence of diffraction peaks attributed to metallic cobalt
(Co0), proving that the Co3O4 is reduced to CoO and then
to the metallic Co species.
3.3.2. TEM studies of the used catalysts
Fig. 6 illustrates the TEM images of as-grown CNTs generated
at 700 C after the catalytic methane decomposition using
50%Co/MgO and Co–W/MgO catalysts. It is generally seen
that, the carbon products over all catalysts are multi-walled
nanotubes in nature. Carbon nanostructures with a hollow
core are formed over the catalyst 50%Co/MgO (Fig. 6a).Figure 6 TEM images of CNTs grown over the catalysts: (a) 50%C
MgO, (f and g) 20%Co–30%W/MgO and (h and i) 10%Co–40%W/MMoreover, some nanoparticles are found to locate at the tips
or in the bodies of the tube. Employing the solid 40%Co–
10%W/MgO catalyst, more uniform and regular CNTs with
smooth external surfaces are formed (Fig. 6b and c).
Moreover, good crystalline carbon nanotubes accompanied
with highly dispersed nanoparticles of the metal particles are
formed with minimum agglomeration (Fig. 6b). This indicates
that some Co and W species can react together to form the
Co–W alloy (CoWO4), which is reduced similar to the agglom-
eration of the cobalt metal during CNT growth. The highly
dispersed and individual active metal particles may facilitate
the diffusion of methane to the catalyst surface, and thus favor
the growth of uniform high-quality CNTs [39].
On the contrary, long and short length of MWCNTs are
formed with low denseness on the catalysts containing
20%Co–30%W and 10%Co–40%W, indicating moderate
activity for MWCNTs formation. The cause for such behavior
could be illustrated by XRD analysis which indicates the for-
mation of bimetallic chemical interaction between W and Co
oxides to form CoWO4 and MgWO4 in that area characterizedo/Mg, (b and c) 40%Co–10%W/MgO, (d and e) 30%Co–20%W/
gO.
Table 2 TGA data of as-grown CNTs over the current catalysts after carbon deposition.
Catalyst Onset Temp., C Inﬂection Temp., C End Temp., C Carbon yield, wt%
50%Co/MgO 471 462 492 273
40%Co–10%W/MgO 473 475 507 280
30%Co–20%W/MgO 436 474 513 237
20%Co–30%W/MgO 468 508 584 229
10%Co–40%W/MgO 524 612 641 51
/I
/I
/I = 0.63 
/I
/I = 0.85 
ID G = 0.69 
ID G = 0.57 
ID G = 0.72 
ID G
ID G
G band
D band
Figure 7 Raman spectra of CNTs grown on the catalysts: (a)
50%Co/MgO, (b) 40%Co–10%W/MgO, (c) 30%Co–20%W/
MgO, (d) 20%Co–30%W/MgO, (e) 10%Co–40%W/MgO.
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not free for carrying out its role during the decomposition of
methane molecule and precipitation of carbon to form carbon
nanotubes and then the activity descends. In addition, some
agglomerates of the Co-containing particles are observed with
the catalysts containing 30%, 20% and 10%Co (Fig. 6d, f
and h), indicating low dispersion of the metal particle used
to CNTs deposition. Many defects are observed in the
MWCNTs grown on the later catalysts, indicating low quality
of the produced MWCNTs (Fig. 6e, g and i). Moreover CNTs
and CNFs are formed on the catalysts with high W content
(Fig. 6e, g and i). The formation of large agglomerated Co-
metal particles is considered as the main reason for CNFs for-
mation and as conﬁrmed earlier by Landois et al. [40].
3.3.3. TGA studies of used catalysts
The yield of accumulated CNTs over the current catalysts,
which is calculated from TGA results is given in Table 2 which
indicate that the yield of carbon increases from 273% for
50%Co/MgO catalyst to about 280% for 40%Co–
10%W/MgO catalyst. The higher activity of the 40%Co–
10%W/MgO catalyst could be attributed to the formation of
a suitable percent of Co–W alloy that is responsible for good
dispersion of Co-metal during CNTs growth. The formation
of Co–W alloy leads to increasing the growth rate for CNTs,
and thus increasing the overall yield of CNTs. Accordingly,
the yield of CNTs decreases rapidly with decreasing the Co
content in the catalyst to become 237%, 229% and 51% using
the catalysts containing 30%Co–20%W, 20%Co–30%W and
10%Co–40%W, respectively (Table 2).
The onset, inﬂection and end temperatures listed in Table 2
represent the temperatures at the initial weight loss, the maxi-
mum weight loss, and the ﬁnal weight loss, respectively.
According to Chen et al. [41], the higher inﬂection temperature
and the smaller difference between the onset and end temper-
ature indicate the presence of highly graphitized MWCNTs. In
this study, the lowest difference between initial and end tem-
peratures are also observed for the catalysts 50%Co/MgO
and 40 wt%Co–10%W/MgO, but the later catalyst is superior
in having higher inﬂection temperature (Table 2). This indi-
cates to the formation of ideal graphitized carbon nanotubes
with higher thermal stability over the catalyst containing
40%Co–10%W. From the above observations, we can conﬁrm
that the 40%Co–10%W/MgO catalyst acquires the optimum
catalytic performance for the current reaction to obtain a bet-
ter graphitized material and higher carbon yield. On the con-
trary for the catalysts containing 30%Co–20%W, 20%Co–
30%W and 10%Co–40%W a big difference between the initial
and end temperatures is observed (Table 2), reﬂecting the pres-
ence of many defects in the formed CNTs in addition to CNFs
formation. These results are greatly consistent with the TEMobservation as well as the catalytic decomposition activities,
indicating that the current reaction primarily depends on the
Co and W contents in the catalyst surface.
3.3.4. Raman spectroscopy
Raman spectra of the as-produced CNTs over the mono and
bimetallic catalysts are displayed in Fig. 7. Two distinct peaks
appear in the spectrum of each sample at 1575 cm1 (G-band)
which is assigned to the formed graphitized MWCNTs and at
1343 cm1 (D-band) as activated by disordered graphite, ﬁbers
and nano-clusters in graphite and is related to levels of disor-
dered carbon and defect concentrations in the CNTs [41,42].
The intensity of the D-band is a measure of the disorder in
sp2 hybridized carbon networks, and can provide a qualitative
estimate for the abundance of nanotube defects, amorphous
carbon, and nano-crystalline impurities in the samples [43].
A low intensity of the D-band relative to the G-band indicates
a low amount of amorphous carbon or a low defect concentra-
tion in the as-grown CNTs [44]. In this study, the ID/IG values
of CNTs decrease from 0.69 for the catalyst 50%Co/MgO to
0.57 for the catalyst 40%Co–10%W/MgO. However, when
the proportion of W is much higher than 10%, the ID/IG val-
ues of CNTs increased to 0.63, 0.72 and 0.85 using the cata-
lysts containing 30%Co–20%W, 20%Co–30%W and
306 A.E. Awadallah, A.A. Aboul-Enein10%Co–40%W, respectively. Therefore, the catalyst with the
smallest W content (10 wt%) favors the formation of CNTs
with more graphitization, crystallinity and less defects on the
wall surface. In general, these results are consistent with
TGA, XRD as well as TEM observations.
4. Conclusion
Catalytic thermal decomposition of methane to COx-free
hydrogen and carbon nanomaterials has been studied over
monometallic 50%Co/MgO catalyst and bimetallic catalysts
containing 40%Co–10%W, 30%Co–20%W, 20%Co–30%W
and 10%Co–40%W supported on MgO. The 40%Co-
10%W/MgO catalyst illustrated some interaction between
Co and W particles which is considered as the main cause
for good dispersion of the remaining active Co species on
the surface of support, and thus leading to the high yield of
hydrogen and carbon nanotubes. XRD and TPR analysis of
the bimetallic solid catalysts indicated that the extent of inter-
action between Co- and W-precursors to form CoWO4 species
increases with increasing the tungsten content in the catalyst.
The catalysts containing 20%Co–30%W and 30%Co–20%W
exhibited intermediate activity for hydrogen and carbon nan-
otube production. A small amount of non-interacted Co3O4
species is observed for the catalyst containing 10%Co–
40%W, causing its lower activity for methane decomposition.
The catalyst formulation of 40%Co–10%W/MgO is consid-
ered as the most active and selective that produces the highest
yield of hydrogen gas and carbon nanotubes due to its higher
content of cobalt and its highly available selective oxidized
active species.
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